The slicer activity of the RNA-induced silencing complex is associated with argonaute, the RNase H-like PIWI domain of which catalyses guide-strand-mediated sequence-specific cleavage of target messenger RNA. Here we report on the crystal structure of Thermus thermophilus argonaute bound to a 59-phosphorylated 21-base DNA guide strand, thereby identifying the nucleic-acid-binding channel positioned between the PAZ-and PIWI-containing lobes, as well as the pivot-like conformational changes associated with complex formation. The bound guide strand is anchored at both of its ends, with the solvent-exposed Watson-Crick edges of stacked bases 2 to 6 positioned for nucleation with the mRNA target, whereas two critically positioned arginines lock bases 10 and 11 at the cleavage site into an unanticipated orthogonal alignment. Biochemical studies indicate that key amino acid residues at the active site and those lining the 59-phosphate-binding pocket made up of the Mid domain are critical for cleavage activity, whereas alterations of residues lining the 2-nucleotide 39-end-binding pocket made up of the PAZ domain show little effect.
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RNA interference is routinely used in biological research to effectively silence genes of interest [1] [2] [3] and is being increasingly investigated as a therapeutic modality against diverse human diseases 4, 5 . The argonaute (Ago) protein [6] [7] [8] [9] [10] [11] , as a key catalytic component of the RNA-induced silencing complex, has a central role in the RNA interference pathway by mediating the maturation of small interfering RNA (siRNA) through initial degradation of the passenger strand, followed by guide-strand-mediated sequence-specific cleavage of target mRNA.
X-ray crystal structures of archaeal Pyrococcus furiosus Ago in its free state 12, 13 and eubacterial Aquifex aeolicus Ago in its free state 14 and when externally bound to siRNA 15 have defined the folds and relative positioning of protein domains and connecting linker segments (see Supplementary Fig. 1 for sequence alignments of prokaryotic and eukaryotic Agos). A mechanistic understanding of guidestrand-mediated mRNA recognition and cleavage chemistry mediated by Ago requires additional structural information on the binary complex of Ago with bound guide strand substrate and, in the longer term, on the ternary complex with added mRNA strand.
Given that binding and cleavage studies have identified eubacterial A. aeolicus Ago to be a site-specific DNA-guided endoRNase 14 , we attempted to crystallize the binary complex of an eubacterial T. thermophilus Ago with bound 59-phosphorylated DNA guide strands ranging in length from 8-12 to 14, 16, 18-24, 26 and 28 bases. Diffraction quality crystals were obtained solely for binary complexes with 21-base and 10-base DNA guide strands. No crystals were obtained for the complex with the corresponding 59-phosphorylated 21-base RNA guide strand.
Structure of the 21-base binary complex The 3.0 Å crystal structure of T. thermophilus Ago complexed with a 59-phosphorylated (59-phos-T 1 GAGG 5 TAGTA 10 GGTTG 15 TATAG 20 T) 21-base DNA guide strand is shown in Fig. 1a , with crystallographic statistics listed in Supplementary Table 1. The protein in a ribbon representation is colour-coded by domains (N, PAZ, Mid and PIWI) and linkers (L1 and L2). The bound DNA is shown in red, with the chain traceable for nucleotides 1-11 and 18-21, including two phosphates within the remaining disordered segment. The corresponding view to that in Fig. 1a , with the protein in a surface representation, colourcoded according to its electrostatic potential, is shown in Fig. 1b . The bound DNA guide strand threads its way within a central basic channel between the PAZ-containing (N, L1 and PAZ) and PIWI-containing (Mid and PIWI) lobes of the bilobal scaffold of Ago, thereby contacting all domains and linkers and defining the nucleic-acid-binding channel within the protein (Fig. 1a, b) .
Base stacking within the seed segment An alternate view of the complex, with the protein in a ribbon representation, is shown in stereo in Fig. 1c . A rotating view of Fig. 1c can be accessed as Movie 3DLH in the Supplementary Information. Within its traceable 1 to 11 segment, the bound DNA is continuously stacked from residues 2 to 10, with distinct breaks at the 1-2 and 10-11 steps (Fig. 1c, Supplementary Fig. 2 and 2F o -F c density map of bound DNA in Supplementary Fig. 3a) . The observed integrity of stacked residues in the 59-half (residues 2 to 10) but not the 39-half of the 21-base DNA in the complex ( Supplementary Fig. 2 ) is consistent with conclusions of functional experiments that established a toleration for mismatches within the 39-segment but not the 59-segment of the guide strand in its complex with mRNA 16, 17 . The corresponding expanded view of the complex with the protein in an electrostatic surface representation is shown in Supplementary  Fig. 4 . The Watson-Crick edges of bases 2 to 6 are exposed, identifying this segment of the guide strand as the nucleation site for pairing with mRNA. Our structural results are consistent with previous functional studies that identified a 'seed' segment (residues 2 to 8) within the guide strand as critical for mRNA pairing 18, 19 . In contrast, bases 7 to 11 are threaded inside the Ago scaffold in the binary complex ( Supplementary Fig. 4 ).
Anchoring both ends of bound guide strand
The 21-base DNA is anchored at both its 59 and 39 ends in the complex, thereby constraining the trajectory of the bound guide strand. The 59-phosphate is anchored within the binding pocket in the Mid domain, with its oxygens hydrogen-bonded to the side chains of highly conserved residues (R418, K422, S432, Q433, K457) and a bound magnesium ion ( Fig. 2a) as previously observed in the A. fulgidus Piwi protein-siRNA complex 20, 21 . The magnesium is coordinated to the first and third phosphates from the 59 end, as well as the carboxy-terminal carboxylate end (V685) of the PIWI domain (Fig. 2a) . This result reinforces earlier functional conclusions that the integrity of the 59-phosphate-binding pocket within the Mid domain is critical for slicing fidelity 21 . The bases are splayed apart at the 1-2 step, with base 1 stacked over the side chain of an arginine (R418, Fig. 2a ). This distortion at the 59 end of the guide strand reinforces an earlier structural observation in the A. fulgidus Piwi-siRNA complex 20, 21 , as well as functional experiments [16] [17] [18] , which indicated that non-canonical pairing with mRNA is preferred at the 1 position in the guide strand. Residues (Fig. 2b and 2F o -F c density map of bound DNA in Supplementary Fig. 3b) , with the oxygens of the phosphate linking residues 20 and 21 and the 39-OH of residue 21 hydrogen-bonded to aromatic (Y197, Y226, H227) and basic (R232) side chains, as previously observed in PAZ-siRNA 22 and PAZ-singlestranded RNA 23 complexes. The positioning of the RNase H-type catalytic residues D546, D478 (on adjacent b-strands) and D660 of the PIWI domain of T. thermophilus Ago relative to segment 1-11 of the bound 21-base DNA guide strand is outlined in Supplementary Fig. 2 .
There is extensive hydrogen bonding and salt bridge formation between the backbone phosphates of the DNA guide strand and basic Arg side chains spanning the various domains in the protein (Fig. 2c, d ). These extensive intermolecular contacts are consistent with related interactions located towards the 59 end of the guide strand in the earlier A. fulgidus Piwi-siRNA structure 20, 21 and proposed models of the catalytic cycle 2, 7, 14 , where the anchored guide strand is retained while the cleaved message dissociates during each cycle of the multiple turnover catalytic process 10, 11 .
The 10-11 cleavage site step The guanidinium group of R548 (conserved amongst the thermophilic Agos, whereas Val occupies this position in human AGOs) stacks on the base at position 10, with the resulting block enforcing an unanticipated orthogonal alignment of bases 10 and 11 (Fig. 2d) . In addition, the guanidinium group of R172 (also observed in A. aeolicus Ago, but otherwise not conserved) has a bridging role through hydrogen bonding both to the phosphate group of residue 9 and to the base edge of residue 11 ( Fig. 2d and 2F o -F c density map in Supplementary Fig. 3c ). We anticipate that Arg residues R172 and R548, which enforce the pronounced kink at the 10-11 step in the Ago-guide-strand binary complex (Fig. 2d) , will probably undergo a conformational switch on mRNA pairing during the propagation step of ternary complex formation, so as to generate a catalytically competent undistorted helical conformation at the 10-11 step associated with the mRNA cleavage site 17, 24, 25 . The helical trajectory of the stacked 2 to 10 segment of the bound 21-base DNA guide strand in the binary Ago complex (in red, Supplementary Fig. 5a, b) deviates from the helical trajectory of both A-form (in cyan, Supplementary Fig. 5a ) and B-form (in green, Supplementary Fig. 5b ) helices, following best-fit superposition of residues 2 to 6. This probably implies that either anchoring of both ends (Figs 1c and 2a, b) and/or intermolecular interactions (Fig. 2c, d ) perturb the helical trajectory of the bound DNA guide strand in the complex. Nevertheless, it is significant that the 59 end of the bound DNA is ordered in the absence of pairing with message.
Conformational transitions
We have been unable to grow crystals of T. thermophilus Ago in the free state, but have succeeded in solving the 2.7 Å structure with a bound 59-phosphorylated 10-base DNA guide strand (59-phos-T 1 GAGG 5 TAGTA 10 , Fig. 3a) , with crystallographic statistics listed in Supplementary Table 1 . We can trace 39-end residues 6 to 10 in the bound 10-base DNA sequence ( Supplementary Fig. 6 ), with residues 9 and 10 inserted into the PAZ pocket (Fig. 3a) . The C terminus of the T. thermophilus Ago protein is disordered in the 10-base DNA guide strand complex, and hence the 59-phosphate-binding pocket in the Mid domain must be disrupted in the absence of an inserted C-terminal carboxylate group. The relative positioning of the 39 ends of the bound 21-base (residues 18 to 21, in magenta) and 10-base (residues 6 to 10, in green) DNAs in their respective complexes after superposition of their PAZ domains are shown in Fig. 3b . The two 39-end nucleotides that are inserted within their PAZ pockets superposition quite well, but the remaining nucleotides (18 and 19 in the 21-base and 6 to 8 in the 10-base complexes) follow different trajectories (Fig. 3b) . This reflects differences in the relative orientations of the N and PAZ domains between the two complexes ( Supplementary  Fig. 7a), as well as intermolecular contacts (Supplementary Fig. 7b,  c) , suggestive of at least two nucleic-acid-binding channels leading from the PAZ pocket.
The relative domain alignments of Ago in complex with bound 10-base and 21-base DNA guide strands, after superposition of their PAZ domains (boxed region), is shown in Fig. 3c and in stereo in Supplementary Fig. 8 . There are significant conformational changes Fig. 3c ) to the 21-base complex with both 59-and 39-anchored ends (darker colours in Fig. 3c) , with grey arrows highlighting the magnitude of the transitions. Specifically, the Mid domain rotates by 22u ( Supplementary Fig. 9a ) and the PAZ-containing lobe rotates by 25u ( Supplementary Fig. 9b ), both with respect to the PIWI domain. These movements can be tracked in Movie 3DLB-3DLH provided in the Supplementary Information. The net result of rotating the Mid domain relative to the PIWI domain is to increase the length of the nucleic-acid-binding channel towards the 59-binding site by 8 Å , thereby accommodating the full length of the bound 21-base DNA guide strand. By contrast, the conformational change in the PAZ-containing lobe relative to the PIWI domain reflects a closing movement that results in the generation of a narrower nucleic acidbinding channel necessary to hold and orient the bound 21-base DNA guide strand.
Cleavage assays
To characterize the catalytic activity of the T. thermophilus Ago protein, we performed target RNA cleavage assays (Fig. 4) . Similar to the observations made previously for A. aeolicus Ago protein 14 , the cleavage activity was enhanced by addition of divalent manganese ions and the cleavage position was located 10 nucleotides downstream from the residue paired with the 59 end of the DNA guide strand (see also Supplementary Fig. 10 ). Mutation of any one of the Asp residues of the catalytic triad abolished or substantially reduced target RNA cleavage (Fig. 4a) . Alteration of K422 in the 59-phosphatebinding Mid domain pocket also reduced activity, and double or triple mutations including R418 and K457 completely abolished activity (Fig. 4b) . In contrast, alterations of up to three conserved residues of the 2-nucleotide 39-end-binding PAZ domain pocket showed no reduction of cleavage activity (Fig. 4c) . We also evaluated the impact on cleavage after mutation of the two arginines whose interactions promote the orthogonal alignment of bases 10 and 11 in the complex. The R172A mutant (linker L1) had a small, but noticeable, impact on cleavage, while significantly reduced cleavage was observed for the R548A mutant (PIWI domain), as well as for the R172A/R548A dual mutant (Fig. 4d) .
Our long-term goal is to capture Ago-nucleic acid complexes during distinct assembly and functional steps of the RNA interference catalytic cycle 26, 27 . The earlier structures of the A. fulgidus Piwi protein 28 bound to siRNA duplexes 20, 21 together with functional implications 10, 11 and our current structure of the T. thermophilus Ago bound to a 21-base DNA guide strand represent initial but critical contributions to the success of this endeavour. We expect that the structural insights thus derived will be portable to eukaryotic AGOs that function as RNA-guide-strand-mediated endoRNases, thereby providing the molecular underpinnings defining guidestrand-mediated recognition and processing of mRNA 29, 30 , with eventual impact on design and delivery strategies for silencing human disease using RNA interference 4, 5 .
METHODS SUMMARY
Wild-type and mutant T. thermophilus Agos were overexpressed from Escherichia coli and purified by column chromatography. The structure of Ago complexed with the 59-phosphorylated 10-base DNA was determined by multiwavelength anomalous diffraction on the selenomethionine (SeMet)-modified protein.
The structure of Ago complexed with 59-phosphorylated 21-base DNA was determined by molecular replacement using the domains of the Ago-10-base DNA complex structure as search models. Details of all biochemical and crystallographic procedures are listed in Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
